Manual palpation of pulses is unreliable in detecting pulsatile flow in human participants, complicating the assessment of return of spontaneous circulation after cardiac arrest. Ultrasound may offer an alternative. This study's objective was to investigate whether return of pulsatile flow in humans can be reliably assessed by common carotid artery ultrasound. We conducted a single-blinded randomised study of common carotid artery ultrasound using 20 cardiopulmonary bypass patients to model the return of pulsatile flow. Synchronised time-stamped videos of radial artery invasive blood pressure and 10 two-dimensional or 10 colour Doppler ultrasounds were recorded. Three independent reviewers recorded the timestamp where they considered pulsatile flow was first visible on ultrasound. Ultrasound times were compared to the onset of arterial line pulsatile flow and reliability assessed by intraclass correlation coefficient. The median difference between radial artery and ultrasound flow time (interquartile range (range)) was 24 seconds (5-40 (0-93)) for two-dimensional and 5 seconds (2-17 (À28 to 188)) for colour Doppler. The intraclass correlation coefficient for two-dimensional ultrasound was 0.86 (95%CI 0.63-0.96) and 0.32 (95%CI À0.01 to 0.71) for colour Doppler. The median (interquartile range (range)) mean arterial pressure where ultrasound flow occurred for twodimensional ultrasound was 62 mmHg
Background
Current recommendations for assessment of the return of spontaneous circulation (ROSC) following cardiac arrest include observation for patient movement or spontaneous respirations, 1,2 both of which may be absent in sedated, comatose or pharmacologically paralysed patients. Healthcare professionals are advised to check the pulse in the presence of an organised rhythm 2 ; however, there is reasonable evidence of the poor accuracy of manual pulse checks in detecting the presence or absence of a pulse. [3] [4] [5] [6] Using patients who may have pulseless cardiac output (on bypass or on veno-arterial extracorporeal membrane oxygenation or left ventricular assistance device) or pulsatile flow (off bypass), 45% of participants incorrectly diagnosed absent pulses in patients no longer on bypass, despite systolic pressures greater than 80 mmHg. 4 Similarly 22% of paediatric patients were misdiagnosed, 7 including assessments of no pulse in 36% of pulse-present patients. The clinical implications of this include prolongation of rhythm checks, withholding chest compression when a pulse maybe absent or continuing when a pulse has been re-established; all of which may be associated with harm. 7 In addition, the absence of a means to monitor, in real time, the quality of chest compressions is still a challenge for cardiopulmonary resuscitation (CPR). 8, 9 Femoral artery ultrasound (US) has been previously reported to identify ROSC in a patient with absent palpable central pulses during CPR. 10 It is possible that extending cardiac US examination in CPR to also visualise central pulses may serve to provide feedback on the quality of chest compressions 9 and also help to identify pseudo-pulseless electrical activity (defined as ventricular wall motion on US and stable end-tidal carbon dioxide 11 ) or low-flow states. 12 While a recent study has shown that prehospital US of the carotid artery in cardiac arrest is feasible, 9 to date no study has attempted to explore the relationship between the presence or absence of a pulsation on carotid US to the presence or absence of pulsatile flow.
The primary objective of this pilot study was to investigate whether the return of pulsatile flow in humans can be reliably discriminated from non-pulsatile states by the use of common carotid artery (CCA) US. The secondary objective was to report the range of systolic blood pressure (SBP) and mean arterial pressure (MAP) at which pulsatile flow was first visible on US. To do this, we used cardiopulmonary bypass patients who were coming of bypass, and therefore from non-pulsatile to pulsatile flow. Presence of a pulse on the radial artery line was used as a comparator against which the US images were assessed rather than manual palpation, which is known to be unreliable as outlined above.
Materials and methods
We conducted a single-blinded randomised trial of 20 patients who were undergoing cardiac surgery requiring cardiopulmonary bypass at St George Hospital in Sydney, Australia. Inclusion criteria were all adult (age >18 years) cardiac surgery patients, including valve replacement or coronary artery bypass grafts. Exclusion criteria were previous surgery involving the great blood vessels including aorta or carotid arteries, patients who the cardiac surgeon considers to be inappropriate due to a high surgical risk, patients with an intra-aortic balloon pump and patients with known peripheral vascular disease.
After receiving informed consent each participant was randomised to either 2D or colour Doppler US measurement. As the participant was being re-warmed towards the end of the bypass phase of their operation, one investigator (BG) set up two mobile phones (Vodafone models VF695 and VF685; Vodafone, New Zealand) with a camera app that recorded timestamped videos (Timestamp Camera Pro; Yubin Chen, USA 13 ). Both phones were mounted on stands; one phone's camera was directed at the anaesthetic monitor to record the patient's haemodynamic information, which included the arterial pressure waveform trace and electrocardiogram. The second phone's camera was directed at the US machine monitor to record the images of the carotid artery. The time on both phones was set to automatically adjust to network-provided time to maintain no difference between monitor and US videos timestamps, and audio was not recorded. The videos were in MPEG-4 format and 800 Â 480 pixels. The US machines used were a Sonosite Mturbo (linear array probe, 13-6 MHz, Brookvale; New South Wales, Australia) and a Philips iE33 (linear array probe,11-3 MHz, Philips Healthcare; North Ryde, Australia) depending on availability (as they were shared with the remainder of the operating theatres) and a low frequency linear probe used. To allow an approximation with novice use of US, the machines were left on their default settings with depth being adjusted to bring the image to the centre of the screen. For the 2D US this corresponded to a frame rate of 36-39 Hz, with a depth of 3.5-4.5cm, frequency at highest and the focal zone set to the middle of the screen. For colour Doppler, the frame rate was between 4.4 and 5 Hz and filter setting to medium or low. Colour Doppler scale was left to the machines default. Lighting in the theatre was standard operating room lighting and was not dimmed.
USs were all performed by one investigator (BG), an advanced trainee in anaesthesia but with no formal US training. The CCA US was obtained by hand, resting the US transducer over the patient's carotid artery, midway between the tragus and sternal notch where the best view could be obtained. The US image was maintained by hand until the patient was completely off bypass. Ten patients had 2D US recorded and 10 had colour Doppler US recorded ( Figure 1 ).
The de-identified US videos were then made available to three reviewers through a shared secure folder. These videos were reviewed on displays with 1920 Â 1080 pixel resolution. Each reviewer watched the videos independently and recorded the timestamp at which they considered pulsatile flow to be first present in the carotid artery. For 2D US this was tissue distortion in the artery wall or surrounding tissue, for colour Doppler this was the colour change within the artery. Because of the unknown duration between starting the video and the patients coming off bypass, reviewers were allowed to skip forward in 2 minute blocks to where pulsatile flow was obvious, then skip back and begin watching the video for the first indication of pulsatile flow. Two reviewers were cardiac anaesthetists both of whom have a postgraduate diploma in clinical US (Melbourne, Australia) (MC and SN) and one was a general anaesthetist with experience in prehospital US but no formal training (MM). BG who obtained the US was not involved in reviewing the images. Two of the reviewers (MC and SN) did not have access to the monitor videos. The third reviewer (MM) had access for data extraction but did not view these until after all US videos were assessed.
Once all of the US time data were collected, the monitor videos were reviewed by one investigator (MM). The timestamp at which the first radial arterial wave appeared was recorded for each participant. The difference between this radial artery timestamp and the US timestamp was calculated in seconds for each reviewer. For example, if the radial artery timestamp and US timestamp were the same, then a time of 0 seconds was entered. Examples are provided in the supplementary video files 1 and 2. It was this time difference that was used in the statistical analysis. The SBP, MAP and heart rate (HR) were extracted from the radial artery blood pressure on the monitor at the US timestamp of each reviewer.
Statistical analysis
All analysis was performed using the statistical software R (version 3.3.1; R Core Team, Vienna, Austria). The reliability of 2D and colour Doppler US was assessed separately using type-2 intraclass correlation coefficient (ICC). A two-sided p-value of 0.05 was considered significant. SBP, HR and MAP for all reviewers were combined and non-parametric descriptive statistics produced. The relationship between the difference in radial artery and US timestamps, and SBP and MAP was assessed by scatterplot. Post hoc power analyses were planned using the R package ICC.Sample.Size (version 1.0) 14 for a two-sided significance level of 0.05 for three raters and a null hypothesis of no relationship between raters. A scatterplot of the difference in radial artery to US time against body mass index (BMI) and HR was also produced as post hoc analyses.
Results
CCA US images were recorded for 21 patients, with 20 patients having data for analysis (Figure 1 ). For the final enrolled patient, the timestamp synchronisation failed when the mobile phone reset itself. This patient's data were removed and a new patient was consented. The demographics for the 20 patients are given in Table 1 . No patient reported any adverse effects for the US. The median video length was 7 minutes and 11 seconds (IQR ¼ 5 minutes 40 seconds to 8 minutes 42 seconds, range ¼ 3 minutes 27 seconds to 14 minutes 52 seconds). (IQR ¼ 2-17 seconds, range ¼ À28 to 188 seconds). The ICC was 0.32 (95%CI À0.01 to 0.71) (Figure 3 ). There are three potential outliers in the colour Doppler sample (participants 1, 3 and 9). Table 2 presents demographic and haemodynamic data for these patients. All three had heart rates greater than the 75th quantile of participants in our sample when pulsatile flow was seen in colour Doppler US.
Summary statistics for HR, SBP and MAP for the two US methods are presented in Table 3 . Scatterplots of the difference between radial artery and US timestamps and HR, SBP and MAP revealed no relationship (Figure 4) . When plotted against BMI ( Figure 5 ), there was no relationship for 2D US and BMI. There is a weak negative correlation for BMI and the difference between radial artery and US timestamps for colour Doppler (r ¼ À0.45, 95%CI À 0.70 to À0.11, p ¼ 0.01) but this maybe the result of the outliers.
Post hoc power analysis for the 2D US was 0.99. To improve the precision of the 95%CI for an ICC of 0.86 to AE 0.1, with three reviewers, a sample size of at least 42 would be required. 15 For colour Doppler the power was 0.30 for all 10 participants (as the ICC was 0.3). If the study were to be repeated, in order to demonstrate an improvement in ICC of 0.3, 31 participants would be needed if three reviewers were to be used (with a power of 0.8, significance level 0.05).
Discussion
Previous research has identified that manual palpation of the pulse is unreliable, and that US of large arteries may be feasible in cardiac arrest situations. We sought to investigate whether US of the CCA could be used to reliably detect the return of pulsatile flow. We found that, while the median time to detection of pulse by colour Doppler may be earlier than 2D US, 2D US was more reliable when assessed by ICC for three independent reviewers.
Previous investigators have looked at estimates of duplex flow velocities of the internal carotid artery in peri-arrest patients; 12 transcranial Doppler, 16 cerebral oximetry 17 and novel automated carotid Doppler monitors have been trialled in animal models of cardiac arrest. 18, 19 However, all of these devices require the availability of extra-equipment and training on use and interpretation. In addition, although hand-held audio Doppler of the radial artery has also been reported in the past, 20 correct use of hand-held Doppler devices can be difficult to learn. Furthermore, all of the devices listed above may be unfamiliar to resuscitation teams outside of the intensive care unit. In contrast, US is becoming increasingly common in resuscitation in critical care and prehospital environments. 22 Availability of US in emergency departments varies from greater than 90% in Australia, 23 Denmark 24 and Korea 25 to 47% in the US. 26 In France, the availability had improved from 52 to 71% of ED and 9 to 28% of mobile intensive care stations between 2011 and 2015. 27 In addition, the training burden may be low with only 18 images required to learn soft tissue US acquisition and 27 for interpretation reported in one study. 28 In our sample, the return of pulsatile flow was detected across a range of SBP and MAP including values less than 60 mmHg where peripheral pulses are unlikely to be palpable. 20, 29 In addition, assessment between reviewers for 2D US showed good reliability. Also, there were no examples of identifying a pulse as present when it was absent in the 2D sample, while for colour Doppler a pulse was reported as present during non-pulsatile flow on four occasions. Despite this, the range between participants was wide, with some identifying US pulsatile flow at the same time as the radial artery pulse, while in other participants the time difference was up to 90 seconds. The scatterplots of US to radial artery timestamp difference to SBP, MAP, HR or BMI suggest that any delay in visualising pulsatile flow was unlikely related to these haemodynamic variables or the patient's weight. Possible causes of this variability include lack of training of the reviewers, as this was a first of kind study, poor elasticity of the carotid arteries and decreasing distension in atherosclerosis making the detection of tissue movement difficult, 30 or the quality of US images obtained whether due to movement by the operator or our use of a fixed focal length.
Colour Doppler demonstrated a short median time to detection of pulsatile flow (5 seconds) with a narrower IQR than 2D Doppler (17 seconds versus 40 seconds). Despite this, it appears less reliable. One explanation for the apparent lower reliability for colour Doppler in our study is the small sample size, which would exaggerate the effects of any outlier. The ICC is calculated from the ratio of variability between participants to the total variability (between-reviewer plus between-participant plus random error variability). If there is little variation in the measure between participants (the numerator), then a large variability between reviewers (the denominator) will lead to a lower ICC value. 31 In our sample, the time difference between radial and US timestamp had an IQR of 15 seconds, indicating low variability between participants. Three reviewer outliers are obvious in Figure 3 , participants 1, 3 and 9, with a difference between reviewers of greater than 100 seconds. This large between-reviewer variability likely explains the low ICC and wide confidence interval.
There are a few potential reasons why the colour Doppler produced the outliers. First, during cardiac bypass there can be transmitted pulses from cardiopulmonary bypass machine pumps that may have appeared as a pulse on the carotid Doppler. Second, movement artefact of the US transducer could appear as flow. Third, as patients come off cardiopulmonary bypass, colour Doppler may detect flow before the appearance of a radial artery waveform, and this may be the reason for some of the negative US pulsatile flow times we report. Finally, the outliers that we report at higher heart rates may reflect a challenge of the use of colour Doppler in identifying pulses in tachycardia, whether due to movement artefact or screen refresh rate. At a practical level, this does not mean colour Doppler should not be used to detect the return of spontaneous circulation, rather the sample size would need to be larger, or these sources of error addressed in the study design.
There are limitations to our study that warrant discussion. Due to the physical limitations of our operating theatre, in an effort to limit the inconvenience to operating room staff we could only conduct a pilot study and as a result our sample size was small. While the power analysis suggests the sample size for the 2D participants was sufficient, the colour Doppler was underpowered. This limits the generalisability of our findings but has allowed a sample size calculation for subsequent follow-up studies. We used a cell phone camera to capture a video of the US image in order to allow accurate comparisons with the monitor videos by synchronised timestamp with seconds as the smallest unit. While recording the images directly on the US machine may have improved the images, the smallest unit of time displayed is minutes, which is too inaccurate for this study. We recruited cardiopulmonary bypass patients as a model of pulseless activity arrest returning to a pulsatile flow. This was done to allow data collection from humans in a controlled environment with established invasive monitoring. These patients also represent those at risk of cardiac arrest in terms of age, comorbidities and atherosclerosis, allowing some generalisation to the population that we were attempting to represent. Eventually CCA US in a large sample of cardiac arrest patients will be needed to validate this method of assessing pulsatile flow. Finally, the pulsations seen on US do not directly equate to cerebral blood flow or cerebral perfusion pressure, important factors in determining neurological outcome in cardiac arrest patients. However, the presence of an arterial line allowed us to correlate the presence of pulsatile flow with a SBP and MAP. Methods for estimating SBP using either b-mode US 32, 33 or tissue Doppler 34 have been described that may have a role in the future.
Conclusion
Our pilot study using cardiopulmonary bypass patients to model the return of pulsatile flow demonstrates that 2D US and colour Doppler may offer a reliable method for assessing the return of pulsatile flow in humans across a wide range of SBP and MAP values. Colour Doppler, although estimated as less reliable in our small sample, may be able to detect pulsatile flow at lower blood pressures and earlier than 2D US. Future studies with larger sample sizes are needed, especially to investigate if there is additional utility in assessing chest compression quality during CPR. Any further study will need to address motion artefact in colour Doppler and consider producing training images prior to study commencement for reviewers to practice on.
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